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(54) Optica! wavoguiding devices 

(57) An integrated optical frequency 
multiplexing/demultiplexing device 
has a series of thin film waveguides 
having ribs (10, 1 1, 12) each par- 
tially overlaid with a tongue (1 3, 
14) which also acts as a waveguide 
and feeds the next higher wave- 
guide. Only within the region where 
a rib is overlaid by a tongue are the 
phase velocities sufficiently 
matched to provide coupling be- 
tween waveguides at different 
levels. The use of semiconductive 
materials allows an integrated opti- 
cal/electrical compound to be fabri- 
cated. 
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SPECIFICATION 

Optical waveguiding devices 

5 This invention relates to optical waveguiding 
devices and in particular to such devices in- 
corporating a stack of mutually coupling wav- 
eguiding structures. Such devices find appli- 
cation for frequency multiplexing and demulti- 

10 plexing in optical fibre systems. 

Frequency multiplexing provides an excel- 
lent means of upgrading the performance of 
optical communication systems once first gen- 
eration systems have become established. It 

15 may be used either directly to increase chan- 
nel capacity or, for given channel capacity, to 
reduce bit rate, to improve linearity, to in- 
crease repeater spacing or to economise in 
fibre (in wideband local networks). Perhaps of 

20 particular importance is the flexibility it con- 
fers on the way the improved characteristics 
may be introduced. For instance channels 
may be added one by one as occasion de- 
mands without interfering much with the ex- 

25 isting system. Frequency multiplexing is there- 
fore able and likely to provide a useful means 
of extending the performance in second gen- 
eration communication systems. 

The latest developments in optical commu- 

30 nications are opening the way for the use of 
integrated optical components for signal pro- 
y cessing. Of particular significance is the move 
to single mode fibre for systems operating in 
the wavelength range from 1 .3 to 1 .6 um. 

35 This move has been made to eliminate mode 
dispersion in the fibre so that full advantage 
may be taken of its low attenuation to maxim- 
ise stage lengths between repeaters. The 
change also provides the advantage that sin- 

40 gle mode, as opposed to multimode, inte- 
grated components may be incorporated in 
the system at the receiver as well as the 
transmitter end. Single mode optical compo- 
nents are in general more powerful and versa- 

45 tile than multimode components and can in 
principle perform most of the many operations 
possible at lower frequencies in microwave 
waveguides. In particular they can provide the 
basis for practical multiplexer and demulti- 

50 plexer units for frequency multiplex systems. 
Conveniently these units may be integrated 
with optical sources and detectors, in which 
case they must be made from appropriate 
semiconductor materials such as the mixed 

55 solid solutions of InP and GaAs. As such they 
are particularly suited to fabrication by multila- 
yer metal-organic chemical vapour deposition 
or other methods which allow multilayer het- 
erostructures to be grown with good dimen- 

60 sional and compositional control. 

According to the present invention there is 
provided an optical waveguiding device in- 
cluding a stack of two or more superimposed 
optical waveguiding structures separated by 

65 low index material that permits optical cou- 



pling to occur between adjacent pairs of the 
waveguiding structures where their relative 
profiles are such that light of the same fre- 
quency will propagate in the two members of 

70 the pair with matching phase velocities, 
wherein the members of the stack terminate 
in staggered relationship, and wherein the or 
each of the waveguiding structures other than 
that at the bottom of the stack terminates in 

75 an end region over at least a part of which the 
profile is modified to a shape which provides 
a modified phase velocity which matches that 
of light of the same frequency propagating in 
the underlying region of the next beneath 

80 waveguiding structure so as to effect optical 
coupling therebetween. 

Such devices can conveniently be made out 
of semiconductive material to facilitate the 
incorporation of electro-optic semiconductive 

85 transducer elements therein. The composition 
of the various layers may show a progressive 
grading so that the any particular part of any 
one of the waveguiding structures is con- 
structed of a material having a higher band 

90 gap and lower refractive index than that of the 
equivalent part of the waveguiding structure 
next above it. The device may then incorpo- 
rate a set of photodetectors each of which . 
detects light up to a particular long wave- 

95 length limit (set by the material from which it 
is constructed) and is arranged to allow the 
passage of light of longer wavelengths for 
coupling to the next higher photodetector, 
which, because it has a smaller band gap, 
1 00 detects light up to a longer longwavelength 
limit than the preceding detector of the lower 
level. In this wey the individual channels of a 
multiplexed signs! can be separately detected 
in sequence. By replacing the detectors with 
105 light sources and operating the device in the 
opposite direction a set of signals can be 
impressed on optical carriers of different fre- 
quencies to produce a multiplexed optical sig- 
nal output. 

110 There follows a description of optical wave- 
guiding devices embodying the invention in 
preferred forms. The description refers to the 
accompanying drawings, in which: — 
Figure 7 depicts a perspective view of a 

115 first optical waveguiding device according to 
the invention. 

Figure 2 depicts a modified form of the 
device of Fig. 1 adapted to function as a 
channel dropping demultiplexing detector. 

1 20 Figure 3 is a graph showing the absorption 
as a function of wavelength for different semi- 
conductive materials, and 

Figure 4 depicts a modified form of the 
device of Fig. 1 adapted to function as a 

125 channel inserting multiplexing source. 

The device of Fig. 1 is a seven layered 
dielectric or semiconductor structure formed 
from alternate low refractive layers 1 , 2, 3 
and 4 separated by higher refractive index 

1 30 layers 5, 6 and 7. The lowest layer, layer 1 
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extends uninterrupted the full length of the 
device, but the two layers immediately above 
it have two portions removed so as to define, 
over a portion of their length, a rib 1 0, 
5 typically 4 to 5 microns wide. The next two 
layers, layers 6 and 3, have corresponding 
portions removed to define a second rib 11, 
the upper part of which terminates above the 
root of the first rib 10. From the end of the 

10 second rib protrudes a tongue 13, typically 
40 to 50 microns long, of the material of 
layer 6 overlying part of the length of the first 
rib 10. Finally, layers 7 and 4 have similar 
portions removed to define a third rib 1 2 and 

15 protruding tongue 14. 

In the region up to the point where it is 
covered by the tongue 1 3, the first rib 1 0 
functions as a rib waveguide in which, by 
virtue of its shape and the presence of the 

20 interface between the lower refractive index 
upper pan of the rib and the higher refractive 
index lower part, the optical field will be 
concentrated to a cross-section indicated 
generally by the chcle 20. 

25 Layer 2 is thin, and so the evanescent field 
associated with light guided by the rib 10 will 
penetrate through the upper part of the rib 
and into the higher refractive index region of 
the tongue 1 3 formed from layer 6. This 

30 tongue also acts as a waveguide, and its 

cross-section is chosen so that for light of any 
given operating frequency, the phase velocity 
in this guide matches that of light of the same 
frequency propagating in the waveguide im- 

35 mediately beneath this tongue. As a result of 
this matching, the two waveguides are cou- 
pled, and hence propagating light energy is 
transferred between them. The length of the 
tongue 1 3 is chosen so that power transfer 

40 into layer 6 is substantially at a maximum at 
the root of the tongue 1 3, where it is overlaid 
by the material of layer 3 to form the rib 11. 
If the geometry were to remain unchanged at 
this point, the coupling between layers 5 and 

45 6 would result in the energy being coupled 
from layer 6 back into layer 5. This is pre- 
vented by arranging for the geometry to 
change in such a way as to eliminate the 
coupling between these two layers by destroy- 

50 ing the match between the phase velocities of 
light propagating in those two layers. Since 
the coupling length determined by the length 
of the tongue 1 3 is typically many tens of 
wavelengths long, a mismatch in phase velo- 

55 city of a few percent is adequate to destroy 
the coupling. This is achived primarily by the 
small change of effective refractive index of 
the waveguide introduced by the presence of 
the material of layer 3 in the rib 11. 

60 In this way light originally guided by rib 10 
is transferred to be guided by rib 11, later to 
be transferred again to be guided by rib 1 2, 
and so on up the cascaded structure. For light 
propagating in the reverse direction the cou- 

65 pling is in the opposite direction, and light 



guided by rib 1 2 is transferred via rib 11. 

The device of Fig. 1 (and also that of Fig. 3 
and that of Fig. 4) is essentially a cascaded 
structure, and hence by the addition of further 
70 layers the numbers of elements in the cascade 
can be increased to suit applications requiring 
increased complexity. 

Fig. 2 shows the basic device of Fig. 1 
adapted to form a channel dropping demulti- 
7 5 plexer detector. This device is formed in semi- 
conductive material. One point of distinction 
to be particularly noted is that the layers 5, 6 
and 7 are formed in two parts 5a, 5b, 6a, 6b, 
7a and 7b, of which the upper part has the 
80 higher refractive index and lower band gap 
than the lower part. The refractive index of 
each of the intervening layers 2 and 3 is 
lower, and its band gap higher, than that of 
each of the two layers between which it is 
85 sandwiched, and those of layers 1 and 4 are 
lower respectively than those of their adjacent 
layers 5a and 7b. Another characteristic is 
that the refractive index and band gap of this 
upper part of each of the high refractive index 
90 layers are respectively higher and lower than 
the corresponding parameters of the upper 
part of the higher refractive index layer next 
beneath it. 

These refractive index relationships mean 
95 that light guided by the ribs 10, 1 1 and 12 
tends to concentrate in the upper parts 5a, 6a 
and 7a of layers 5, 6 and 7. These three 
layers are constructed of n-type material, 
while layers 2, 3 and 4 are made of p-type 

1 00 material. The p-type material at the end of 
each rib 1 1 and 1 2 is electrically isolated 
from the remainder by etched channels 21, 
22 to produce small area low capacitance 
photodetectors 23, 24 in these regions. Alter- 

105 natively the necessary isolation of the p-type 
material of the photodetectors can be 
achieved by proton bombardment, or the de- 
vice could have been grown entirely in n-type 
material, the requisite p-n junctions being 

110 created subsequently for instance by diffusion. 
If a frequency multiplexed signal is intro- 
duced into the rib waveguide 1 0 it will be 
coupled into tongue 13. The tongue will ab- 
sorb light of all frequencies down to a limit, 

1 1 5 fo, determined by the band gap of the ma- 
terial of which it is made. At the root of the 
tongue, this material is covered with the 
higher refractive index lower band gap ma- 
terial of layer 6a, which will absorb light of 

1 20 frequencies down to a lower limit, fl, deter- 
mined by its band gap. Part of any light 
within this band of frequencies, fo.to fl, wili 
be absorbed in the region of the photodetec- 
tor 23 where it can provide a required signal 

125 output, while the rest is absorbed in the 

remainder of the layer and so prevented from 
creating a spurious signal in the next higher 
photodetector 24. 

Light in the frequency band f1 , to f2, where 

1 30 f2 is the lower frequency absorption limit 
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determined by the band gap of the material of 
layer 7a, is not absorbed by the material of 
layer 6a. Therefore light in this frequency 
band is guided by rib 1 1 before being cou- 

5 pled into tongue 14. In rib 1 1 the light tends 
to be concentrated in layer 6a by virtue of the 
fact that its refractive index is higher than that 
of the two layers between which it is sand- 
wiched. If the material of layer 7b has a lower 
1 0 band gap than that of layer 6a it will absorb a 
band of frequencies at the upper end of the 
frequency band f 1 to f2. However more nor- 
mally the band gap will be made equal or 
higher than that of layer 6a so that the whole 

1 5 of this frequency band will be in principal 
available for detection by photodiode 24. 

The minimum channel spacing that should 
be obtainable with this type of demultiplexer 
can be calculated from the amount of optical 
20 isolation required and the steepness of this 
absorption edge in the semiconductor mater- 
ials used. An isolation of 15 dB will be taken 
as adequate for most PCM systems. The PCM 
passband characteristic of the demultiplexer 

25 tends to have poorer cut-off on the long 

wavelength side, where some of the unwanted 
signal is absorbed. Hence this is the region of 
the detection spectrum that limits channel 
capacity. The maximum allowable absorption 

30 for the unwanted signal can be expressed as a 
proportion of the absorption for the wanted 
signal. This is convenient for analysis because 
over a considerable portion of the band edge 
the absorption coefficient increases logarithmi- 

35 cally with photon energy and therefore the~ 
ratio of the dB absorption for two signals of 
given photon energy separation remains con- 
stant (see Fig. 3) irrespective of the actual 
absorption and photon energy. In such cir- 

40 cumstances the dB absorption of the wanted 
signal, over the length of the detector, should 
not be made larger than is necessary, other- 
wise a bigger proportion of the unwanted 
signal would be detected. A minimum figure 

45 of 3 dB absorption for the wanted signal is 
reasonable and gives up to 50% quantum 
efficiency of detection. For the unwanted sig- 
nal to be 15 dB down on this value less than 
1 .6% should be absorbed, i.e. the attenuation 

50 of this signal must be less than 0.07 dB 

(through the detector). This requires an atten- 
uation ratio between the two signals in dB of 
43:1. To illustrate what this may mean in 
bandwidth, logarithmic plots of typical mea- 

55 sured absorption edges of various compo- 
sitions of (Galn)(AsP) are given in Fig. 3. 
These are steeper at the lower end of the 
absorption range and in this- region a 43:1 
ratio in attenuation is obtained over a photon 

60 energy interval of about 0.027 eV. This 

shows that the demultiplexer can have a mini- 
mum reasonable channel spacing of about 
0.04 eV — suitably larger than the fall off 
interval. The corresponding wavelength spac- 

65 ing is about 80nm around a centre wave- 



length of 1.55 /im and 55 nm around a 
centre wavelength of 1.3 ji m - Such a spacing 
allows up to 2 or 3 channels in a typical fibre 
in both bands and gives a usefui increase in 

70 total information capacity. 

Fig. 2 illustrates how the basic structure of 
Fig. 1 can be adapted to form a channel 
dropping demultiplexer detector; Fig. 4 shows 
how it can be adapted to form a laser multi- 

75 plexing device. The basic arrangement of 
layers is the same as for the demultiplexer of 
Fig. 2, and the refractive index and band gap 
stipulations that were set out in connection 
with that device apply also to this device, 

80 though the absolute values of these para- 
meters will in general be different and also the 
relative thicknesses of the layers. 

In this instance the etched channels 21 and 
22 are replaced by channels 25 and 26 at the 

85 root of each rib 1 0 and 1 1 , and serve to 

isolate the p-type material of the rib from the 
remainder. 

In the region in front of each etched chan- 
nel the rib constitutes a double heterostruc- 

90 ture laser with distributed optical feedback 
being provided by a ribbed surface 40 con- 
touring the exposed surfaces flanking the ribs. 
Thus in the case of rib 1 1 an active layer is 
formed by the portion of layer 6a in the rib 

95 sandwiched between lower refractive index 
regions 3 and 6b of opposite conductivity 
type. Light emitted from the active region of 
this laser will be launched in the forward 
direction into tongue 1 3, though a part of this 
1 00 emission that is emitted from the end face 41 
of layer 6a will not be guided and hence will 
be lost. Light emitted in the reverse direction 
will be absorbed by the unpumped region 42 
of layer 6a. 

105 The laser light from rib 1 1 propagating in 
the tongue 1 3 is coupled through layer 2 into 
layers 5a and 5b which do not significantly 
attenuate this light because they both have 
higher band gaps than that of the laser active 

1 1 0 layer of rib 11. Thus this light is able to pass 
through the laser of rib 1 0 in such a way as 
to be multiplexed with the light output of that 
laser. 

It will be appreciated that the top contacts 

1 1 5 of the photodetectors 23, 24 of the demulti- 
plexer of Fig. 2, and to a lesser extent the top 
contacts of the lasers of the multiplexer of Fig. 
4, are small and delicate giving rise to some 
difficulty in affixing leads to these contacts. 

1 20 These problems can be ameliorated by using a 
bridging contact arrangement to a larger area 
pad (no shown) provided on one side of the 
rib. One method of making such bridging 
contacts is described for instance in the paper 

125 by D. Boccon-Gibod and P. Harrop entitled 
'High Performance and GaAs Schottky Barrier 
Divides using a Cantilevered Metal Contact' 
appearing in the Proceedings of the 8th Euro- 
pean Microwave Conference (Paris 4-8 Sep- 

130 tember 1978). 
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CLAIMS 

1 . An optical waveguiding device includ- 
ing a stack of two or more superimposed 

5 optical waveguiding structures separated by 70 
low index material that permits optical cou- 
pling to occur between adjacent pairs of the 
waveguiding structures where their relative 
profiles are such that light of the same fre- 

10 quency will propagate in the two members of 75 
the pair with matching phase velocities, 
wherein the members of the stack terminate 
in staggered relationship, and wherein the or 
each of the waveguiding structures other than 

1 5 that at the bottom of the stack terminates in 80 
an end region over at least a part of which the 
profile is modified to a shape which provides 
a modified phase velocity which matches that 
of light of the same frequency propagating in 

20 the underlying region of the next beneath 85 
waveguiding structure so as to effect optical 
coupling therebetween. 

2. A device as claimed in claim 1 wherein 
optical waveguiding in each of said end re- 

25 gions is provided at least in part by a rib 90 
structure. 

3. A device as claimed in claim 1 or 2 
wherein said stack of two or more superim- 
posed optical waveguiding structures is 

30 formed in semiconductive material. 95 

4. A device as claimed in claim 3 wherein 
each of the waveguiding structures has an 
upper part having a higher refractive index, 
and lower band gap than that of the lower 

35 part thereof wherein both parts have the same 100 
conductivity type, and wherein the material of 
the upper part has a higher refractive index 
and lower band gap than that of the upper 
part of the waveguiding structure next be- 

40 neath it. 105 

5. A device as claimed in claim 4 wherein 
said device is a channel dropping demulti- 
plexer detector. 

6. A device as claimed in claim 5 wherein 

45 the waveguiding structures are made in ma- 110 
terial of one conductivity type and are sepa- 
rated by low index material of the opposite 
conductivity type, wherein the higher index 
material of the upper part of each waveguid- 

50 ing structure is absent from the end of each 115 
waveguiding structure for a certain distance 
beyond which the upper part is covered with 
a portion of the low index material of the 
opposite conductivity type thereby forming a 

55 photodiode which portion is electrically iso- 120 
lated from the remainder of the low index 
material so that the photodiode p-n junction is 
electrically isolated from the p-n junction 
formed between the waveguiding structure 

60 and said remainder of the low index material. 1 25 

7. A device as claimed in claim 4 wherein 
said device is a channel inserting multiplexer 
optical source. 

8. A device as claimed in claim 7 wherein 

65 the waveguiding structures are made in ma- 1 30 



teriaLof one conductivity type and are sepa- 
rated by material of the opposite conductivity 
type, wherein the higher index material of the 
upper part of each waveguiding structure is 
absent from the end of each waveguiding 
structure for a certain distance beyond which 
the upper part is covered with a portion of the 
low index material of the opposite conductiv- 
ity type thereby forming a light emissive diode 
which portion is electrically isolated from the 
remainder of the low index material. 

9. A device as claimed in claim 8 wherein 
each said light emissive diode is provided with 
distributed optical feedback by means of a 
periodic contouring of the semiconductor sur- 
faces of the two surfaces flanking the two 
sides of the diode so as to make the diode a 
laser. 

10 An optical waveguiding device sub- 
stantially as hereinbefore described with refer- 
ence to the accompanying drawings. 

11. A method of making an optical wave- 
guiding device including a stack of two or 
more superimposed optical waveguiding struc- 
tures separated by low index material that 
permits optical coupling to occur between 
adjacent pairs of the waveguiding structures 
where their relative profiles are such that light 
of the same frequency will propagate in the 
two members of the pair with matching phase 
velocities, wherein the stack of waveguiding 
structures and intervening low index material 
are formed from a succession of layers of 
semiconductive material epitaxiatly deposited 
upon a substrate, wherein portions of the 
layers are removed so that the members of 
the stack terminate in staggered relationship 
with each waveguiding structure other than 
that at the bottom of the stack terminates in a 
region of modified profile that provides a 
modified phase velocity which matches that of 
light of the same frequency propagating in the 
underlying region of the next-beneath wave- 
guiding structure so as to effect optical cou- 
pling there between. 

12. A method as claimed in claim 1 1 
wherein the composition of the deposited 
layers is such that each of the waveguiding 
structures has an upper part having a higher 
refractive index than that of the lower pari 
thereof, and wherein the material of the upper 
part has a lower band gap than that of the 
upper part of the waveguiding structure next 
beneath it. 

13. A method as claimed in claim 12 
wherein the composition of the deposited 
layers is such that the waveguiding structures 
are made in material of one conductivity type 
and are separated by low index material of the 
opposite conductivity type, wherein the higher 
index material of the upper part of each 
waveguiding structure is removed for a certain 
distance at the end thereof, and wherein the 
region of the p-n junction, formed between 
the upper part of the waveguiding structure 
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and the overlying low index material, immedi- 
ately beyond the removed region is isolated 
from the remainder of that p-n junction so as 
to form an isolated photodiode structure. 
5 14. A method as claimed in claim 12 
wherein the composition of the deposited 
layers is such that the conductivity type of the 
low index material that separates the wavegu- 
iding structures to the opposite of that of the 

1 0 lower index material of the lower part of each 
of the waveguiding structures, wherein in a 
region near the end of each of the waveguid- 
ing structures a light emissive diode, whose 
output is coupled into the lower refractive 

1 5 index lower part of the waveguiding structure, 
is formed from the waveguiding structure and 
the low index material that covers it by a 
process including the step of removing a 
portion of the higher index upper part of the 

20 waveguiding structure and the overlying low 
index material to provide the diode with a p-n 
junction electrically isolated from the remain- 
der of the junction formed between the said 
two layers. 

25 1 5. A method as claimed in claim 14 
wherein said process of forming each diode 
additionally includes the step of contouring 
providing distributed optical feedback by a 
contouring of the semi conductor surfaces 

30 flanking the two sides of the diode so as to 
form it into a laser. 

16. A method of making an optical wave- 
guiding device substantially a hereinbefore 
described with reference to the accompanying 

35 drawings. 

17. An optical waveguiding device made 
by the method claimed in claims 11, 12, 13, 
14, 15 or 16. 
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